ARTICLES
. This is unfortunate because the anisotropy is one of the key quantities: it defines the stability of the magnetization direction against thermal excitation,and therefore the minimum particle size for which non-volatile information storage may be achieved (at 300 K this requires K ≥ 1.2 eV). A further key parameter is the modulus of M, M defining the dipolar stray field used to read and write, but also mediating interactions between adjacent bits. These interactions are minimized for out-of-plane magnetization, and because the ultimate limit of single-particle bits may only be achieved for uniaxial systems, uniaxial out-of-plane systems are best suited to explore the ultimate density limit of magnetic recording 3, 4 . Current studies attempting to identify the origin of magnetic anisotropy mainly deal with two model systems. These are colloids or three-dimensional (3D) nanoparticles, and 2D nanostructures created by molecular-beam epitaxy at single-crystal surfaces. For colloid particles, remarkable progress has been achieved in monodispersity 5 , their self-assembly into 2D superlattices 6, 7 and in the accomplished anisotropy energies per constituent atom 8 . Despite their promising properties for applications,3D nanoparticles present several difficulties for tracing back the origin of anisotropy. First, although the magnetism of a single particle can be addressed 9 , it is almost impossible to study the morphology of the very same particle in conjunction with its magnetism. Second, the particles frequently have a few atomic layers of oxide at their surface, which is not ferromagnetic 10 . This causes uncertainties in the morphology of the ferromagnetically ordered The remarkable difference between surface and step atoms in the magnetic anisotropy of two-dimensional nanostructures particle core.Owing to these difficulties,no general view on the origin of anisotropy in nanoparticles has yet evolved. The anisotropy has either been attributed mainly to the volume 8 or surface 9 contribution of the crystalline lattice, or to shape anisotropy caused by eccentricities of the magnetic core 10 . In addition to the difficult access of the anisotropy's origin, the desired uniaxial media have not yet been realized with 3D nanoparticles because an individual particle can have several easy magnetization axes. In addition, the deposited particles are randomly oriented, as are, therefore, their preferred axes 11 . Two-dimensional nanostructures at surfaces are optimally suited to address the origin of anisotropy, and also to explore density limits of non-interacting magnetic bits.The anisotropy imposed by the substrate makes them uniaxial, for example oriented out-of-plane 12 . The size and spatial uniformity achieved by self-assembly techniques 13, 14 are comparable to those of colloids. Under ultrahigh vacuum conditions, there is no oxide shell and all constituent atoms are ferromagnetically ordered. Thus the particle morphology contributing to the magnetic signal is accessible at the atomic scale,and can be related to the magnetic properties measured in situ. Here we made use of this to determine the magnetic anisotropy energy of surface versus perimeter atoms. We used 2D islands with broad size and perimeter length distributions to probe large size and perimeter length intervals with a single sample. The nonlinear relationship between perimeter length and island area gives each of the two distributions its characteristic shape, enabling the disentanglement of the roles of the two atomic species.We performed in situ measurements of the temperature dependence of the magnetic susceptibility with magneto-optical Kerr effect (MOKE), and analyse the data with an analytical model describing the blocking to superparamagnetic transition of a monodomain particle. Using the scanning tunnelling microscope (STM)-derived area and perimeter distributions as input leaves the anisotropy per perimeter and surface atom as the only two fit parameters. The result is a surprisingly large difference between perimeter and surface atoms. The MOKE and STM equipment used were home-built. The bright patches in a and b are islands nucleated in the second layer. c, Double-layer islands.All islands a-c are pure Co as concluded from the constant Auger electron spectra Co/Pt peak-to-peak ratio on annealing, and from the absence of heterogeneity in the STM images, which clearly reveal Co and Pt as having different apparent heights (see Fig. 5 ). d, Size distribution of the islands shown in b obtained from a statistical ensemble of 1,000 islands.As customary in literature on epitaxial growth, this distribution has been normalized to yield unit area under the curve (s island size, S average island size, N s density of islands of size s, cov coverage in monolayers).The inset shows the perimeter length p as a function of island size. Solid lines are fits to these distributions used as input for calculating χ(T); using the individual data points produces identical results.
To study the role of perimeter versus surface atoms we consider the three island morphologies shown in Fig.1 .The islands have been created by Co evaporation from a carefully outgassed Co rod (purity 99.995%, Alfa Aesar) onto a clean Pt(111) surface at a vacuum pressure below 8 × 10 -11 mbar using a commercial electron-beam evaporator (base pressure of the ultrahigh vacuum chamber 3 ×10 -11 mbar).The ramified islands in Fig. 1a form on deposition at 130 K due to limited mobility of atoms along the island edge 15 . Annealing them to 300 K creates edge mobility yielding compact islands, see Fig. 1b . Further annealing to 340 K converts the monolayer-high islands of Fig. 1b into double-layer islands represented in Fig.1c .This mutation is caused by the surface and interface free energies favouring atoms climbing up onto the second layer and thereby reducing, with respect to Pt(111)/vacuum, the more costly Co/vacuum and Co/Pt interfaces by a factor of two. For all three island morphologies shown in Fig. 1 , we find a nonlinear relationship between perimeter length and area.For brevity we now focus on the case in Fig. 1b , for which the size and perimeter distributions are shown in Fig. 1d . The mean island size is S = 1,200 ± 1,000 atoms, and the perimeter length p (in number of atoms) is related to the area a by p = αa β , with α = 2.8 and β = 0.6 in this specific case, this is equivalent to a = 0.17p 1.7 (for square islands a = 1/16p 2 and for circular ones a = 1/4πp 2 ). Before analysing the experimental data of the temperaturedependent zero-field susceptibility χ(T) in terms of anisotropy energies of surface and step atoms, we present an analytical model describing the transition from blocking to superparamagnetism of an ensemble of monodisperse,non-interacting particles.The Co particles have uniaxial out-of-plane anisotropy and thus are characterized by two local minima for the potential energy E as a function of the angle Θ between surface normal and magnetic moment M. These minima correspond to the up and down orientation of M (see inset of Fig. 2 ). The anisotropy energy at zero field (H = 0) is the energy K = E(90°), associated with the in-plane configuration forming a transition state that has to be overcome during magnetization reversal. The rate of barrier crossing for an ensemble of monodisperse particles, all having identical values of K and M, or the time average of this rate for a single particle, is described for our case of small fields by an Arrhenius expression ν = ν 0 exp((-K ± HM)/k B T), with k B being the Boltzmann constant; typically ν 0 = 1 × 10 10 s -1 (Ref. 16 ).At zero field, the relaxation time τ is given by τ = 1/2ν = τ 0 exp(K/k B T), with τ 0 = 1/2ν 0 . The barrier is readily overcome if T > T b = K/k B ln(1/ωτ 0 ), where ω is related to the observation time t = 2π/ω. In our case, ω is the sweep frequency of the external magnetic field used to measure χ. T b is the blocking temperature, defined by the temperature where the ensemble reaches half of its thermodynamic equilibrium susceptibility χ eq .For T > T b the particles are superparamagnetic, and χ(T) = χ eq (T). For T < T b the particles are blocked in a fixed magnetization state (up or down), and hence χ(T) = 0. This is the state where information can be stored. In the vicinity of T b the system is determined by the kinetics of barrier crossing.
To fully capture the kinetics and thermodynamics of the ensemble of monodisperse particles, we first calculated the zero-field susceptibility by numerically solving the master equations to obtain the occupation of the two energy minima, and by allowing for thermal fluctuations around these minima (see red filled circle data points in Fig. 2 ). Because we are interested in the limit of small fields, we can also linearize the master equations to describe the kinetics 17 , and multiply with the equilibrium susceptibility χ eq (T) to derive the following analytical expression for the real part of the complex zero-field susceptibility, which is the quantity we measure For χ eq (T) (see thin red line in Fig.2) ,the analytical solution is given by 12 
:
with Erfi being the imaginary error function. Figure 2 shows that our analytical solution for χ(T) (thick red line) perfectly reproduces the numerical one. Note that the numerical model takes into account the full E(Θ) curve, whereas the analytical one contains only the maximum energy K through the relaxation time. The agreement between the two shows that the small field limit is justified. Despite the fact that the particles are monodisperse, the transition from blocking to superparamagnetic takes place over a finite temperature window of ∆T = 2k B T b 2 /K. For comparison, we also show the infinite anisotropy limit,leading to a two-state system (Ising model,see blue curves in main figure and inset),and the vanishing anisotropy limit,characterized by an occupation of all orientations of M (Langevin model, green curves). With increasing temperature, χ eq goes from one limit to the other and therefore its decay is slightly steeper than the 1/T behaviour
(T) = eq (T). Fig. 3 and show the typical superparamagnetic reversible S-shaped curve. The magnetization reaches 0.6 of its saturation value at our experimentally available field of ±500 Oe. To reduce the number of parameters, we assume that each atom has the same magnetic moment m, thus the moment of an island containing s atoms is given by M = sm. This assumption is justified because m varies by much less than 20% for the size range of interest 18 . As demonstrated above, the Ising model is a good approximation just above T b . Applying this model and taking the size distribution into account leads to the blue curve, perfectly fitting the data and yielding m = 2.1 ± 0.2µ B per atom. This value is in very good agreement with the one expected from taking the sum of the calculated Co spin moment 19 m Co,S = 1.8µ B , its measured orbital moment 20 m Co,L = 0.2µ B , and the measured polarization of Pt at its interface with Co amounting to 21 m Pt = 0.2µ B . When the size distribution is unknown, one typically represents the real system by an ensemble of monodisperse particles, all having the average size. We emphasize that this generally yields erroneous results, here it would give m = 3.0 ± 0.2µ B per atom. Moreover, using the Langevin model would yield an unrealistic m = 6 ± 1 µ B per atom.
The susceptibility at zero field χ (the indicated slope in Fig. 3 ) is displayed in Fig. 4a as a function of temperature. It shows a broad transition from blocking to a maximum at 100 K, and subsequently exhibits a roughly 1/T decrease. The full curves are inferred from using the size and perimeter distributions to calculate χ(T) for the ensemble of particles from our analytical expression with different assumptions on the origin of the anisotropy energy per island, K. First, we assume that each atom contributes the same amount, K = sE a , with E a denoting the anisotropy per atom (green curve). Second, we assume that only the perimeter atoms contribute to the anisotropy, K = pE a , with p the perimeter length in atoms (blue curve). Finally, we assume that surface atoms contribute the amount E as , and perimeter atoms E ap , thus K = sE as + pE ap (red curve). The only free parameter of the fits is the anisotropy E a attributed to the surface, or to the perimeter atoms, or to both.Because χ(T) is dominated by terms containing K/T,a variation of E a stretches or compresses the curves along the xaxis,while keeping their origin fixed. However, there is no way to change their overall shape, which is controlled by the size and perimeter distributions.
It is obvious that attributing the anisotropy of the nanostructures entirely to the surface or interface fails because the distribution of the green curve is far too broad. In addition, the inferred value of E a = 0.047 ± 0.005 meV per atom is comparable to Co bulk. This small value can only be reconciled with typical thin film values of 0.1 meV per atom when taking the shape anisotropy into account. The latter favours M parallel to the surface,and thus has a negative value.Starting from the saturation magnetization of bulk Co we calculate a demagnetizing energy of E shape = -0.090 meV per atom. We note that a variation of the demagnetization factor with island size is expected, however, this variation is small justifying our assumption of a constant value of 1 for all island sizes 22 .With E a = E cryst + E shape this would yield E cryst = 0.137 meV per atom, which is in reasonable agreement with thin-film values. However, the disagreement of the shape of this fit makes clear that the magnetic properties of nanostructures cannot be rationalized by simply scaling down thin-film properties. The blue curve fits our data much better, and associates E a = 0.57 ± 0.05 meV to the perimeter atoms and zero contribution to the surface atoms in the interior of the islands. Finally, the best fit is obtained when we take the shape anisotropy into account and associate E ap = 0.9 ± 0.1 meV to the perimeter and E a = -(0.03 ± 0.01) meV to the surface atoms. From the latter value we infer an interface magnetocrystalline energy of E cryst = 0.06 ± 0.01 meV per atom,which is more than counterbalanced by E shape .This means that without the anisotropy of the perimeter atoms, the islands would be magnetized in-plane.
The results derived above for compact monolayer islands (Fig. 1b ) are fully confirmed for the two other morphologies shown in Fig. 1 . The case of the ramified monolayer-high islands (Fig. 1a) is shown in Fig.4b .Again,the only way to fit the data is to attribute different E a values to perimeter and surface atoms. The best fit is obtained for E ap = 0.9 ± 0.1 meV (E as = -(0.09 ± 0.03) meV) confirming the value derived for compact islands and showing its independence of island shape. The theoretical curves for the two extremes of the error margin are far off the data, illustrating that the given error does not result from freedom in fitting, it is caused by uncertainties in the absolute length of the island perimeter due to convolution with the shape of the STM tip. Also, the compact bilayer islands show an anisotropy energy of E a = 0.9 ± 0.1 meV per perimeter atom, and the atoms in the interior of the islands favour in-plane magnetization due to the shape anisotropy overwhelming the magnetocrystalline anisotropy. Owing to the dominant role of perimeter atoms, we find that ramified islands have the highest anisotropy for a given size. Altogether, this suggests that the reduced coordination of perimeter atoms generally induces extreme anisotropy energies. Making use of this effect may enable one to reduce the particle size much further than formerly anticipated, without running into the so-called superparamagnetic limit. Our finding also opens new possibilities to separately tune the anisotropy and moment of nanostructures.To exemplify this,and to illustrate once more the role of perimeter atoms, we produced bimetallic, one-monolayer-high islands with a non-magnetic core (Pt) surrounded by a magnetic rim only 2-3 atoms wide (Co), see Fig. 5 . We took care that the rim was at least two atoms wide to establish long-range ferromagnetic order-in monatomic Co chains at Pt steps ferromagnetic order has been reported 23 to exist only below 15K.It is seen from Fig.5b that keeping the anisotropy energy per perimeter atom fixed to the value inferred above for the pure Co islands perfectly reproduces the switching behaviour. The bimetallic islands have identical anisotropy to their equally shaped pure Co counterparts, however, they have a much smaller overall moment due to their non-magnetic core.
In the above discussion, we tacitly assumed the absence of particle interactions that were possibly mediated by their dipolar stray field. Our data show that such interactions are indeed absent. On the one hand this is inferred from the agreement between experimental and calculated data for χ(T) in the superparamagnetic regime, where we observe the predicted close to 1/T decrease. Interactions would considerably flatten this decrease 24 . On the other hand, the absence of interactions is also rationalized by comparing the maximum stray field created by all other islands at the location of one island H dipol = 100 Oe (Equation (4) Oe. This comparison is quite favourable, and signifies that much higher densities of non-interacting particles may be realized for out-of-plane magnetization than the density investigated here, which amounts to 2 × 10 12 particles per square inch. The central role found for perimeter atoms in the magnetic anisotropy explains several observations reported in literature.The first indication for the important role of step atoms came from a paper 26 reporting that step decoration with minute amounts of Cu turns the easy magnetization axis of a Co film 10-20 monolayers thick on Cu(100) in plane by 90°. This implies that edge atoms are also of crucial importance for the anisotropy of systems with in-plane easy magnetization. X-ray magnetic circular dichroism (XMCD) measurements revealed 27 information on the cluster morphology was the average size, deduced from XMCD by applying the Langevin model. Quite generally, the classical approach often used to look for perimeter versus surface effects in epitaxially grown 2D nanostructures has its pitfalls. It consists of investigating a series of coverages and assuming a constant cluster density, and thus that the size is proportional to the coverage. Quantitative results are difficult to derive this way, because the finite width of the size distribution, and the variation of the density due to nucleation and/or coalescence, lead to large systematic errors. This problem is overcome in our method investigating a whole range of sizes at the same time,while explicitly entering the morphology into the analysis. We further note that E a values of the same magnitude as the ones derived here have recently been reported for Co atoms forming monatomic chains attached to the {111}-faceted steps of a Pt(997) surface 23 . Whereas the chains are an ideal test case to investigate magnetism in 1D,the results do not allow extrapolation to the magnetic anisotropy energy of surface versus perimeter atoms. This is due to the different chemical and magnetic environments. Chain atoms attached to Pt steps have two magnetic neighbours, whereas perimeter atoms in nanostructures and thin films have their own species on one side and thus on average four magnetic neighbours. Perimeter atoms are therefore strongly exchange-coupled with each other, establishing ferromagnetic order on a length scale of the island diameter up to 300 K. We find that these atoms have anisotropy energies in the 1 meV range, and that this value is largely independent of the perimeter shape, crystallographic orientation, and also of branch width in the case of the ramified islands.
Combining atomic-scale knowledge of the morphology of an ensemble of polydisperse particles with integral measurements of their magnetic susceptibility enabled us to quantify the contribution of step and surface atoms to the magnetic anisotropy energy of 2D nanostructures. We expect that generally physical properties of 2D nanostructures can be traced back to the constituent atoms when they are measured in conjunction with the morphology. We expect similar advances in the understanding of anisotropy in thin films from the analysis of the number of step and surface atoms. Identifying the role of the differently coordinated atoms brings us a step closer to one of the ultimate goals of materials science, namely, to assemble structures atom by atom in such a way that the ensemble of atoms presents the desired properties.
